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Apparent Lorentz violation with superluminal Majorana neutrinos at OPERA?
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From the data release of OPERA - CNGS experiment [1], and publicly announced on 23 September
2011, we cast a phenomenological model based on a Majorana neutrino state carrying a fictitious
imaginary mass term, already discussed by Majorana in 1932. This imaginary mass term might be
induced in the Earth’s crust during the 735 Km travel. Within the experimental errors, we prove
that this hypothesis fits with OPERA and MINOS data and with the propagation of electron anti-
neutrinos in the stellar structure of supernova SN1987a. Possible violations to Lorentz invariance
due to quantum gravity effects have been considered.
PACS numbers: 13.15.+g, 13.20.Cz, 14.60.Pq
INTRODUCTION
Usually superluminal propagation and/or Lorentz in-
variance are associated with quantum gravity phe-
nomenologies. Quantum-gravitational (QG) effects are
thought to generate a violation of Lorentz invariance (LI)
in the interactions of energetic neutrinos with the foamy
structure of space-time, with the result that they do not
propagate at the speed of light c [2, 3]. High energy neu-
trinos are thought to be one of the best candidates to
reveal QG phenomena [4]. Recent experimental results
from the light analysis of the farthest quasars observed
with the Hubble Space Telescope [5] and from the prop-
agation of gamma rays from INTEGRAL/IBIS observa-
tions of GRB041219A [6], demonstrate that the scales at
which quantum gravity fluctuations are expected to oc-
cur and violate LI are much closer to the fundamental
Planck’s scale than that invoked in the literature to ex-
plain neutrino oscillations and propagation and the prob-
lem of sterile neutrino states. Upper limits posed from
the results of supernova SN1987a explosion [7, 8], indi-
cated that in the case of linear violation of LI for en-
ergetic electron anti-neutrinos (ν¯e) they are 2.7 × 1010
GeV for subluminal propagation and 2.5 × 1010 for su-
perluminal propagation. For a quadratic violation of
the LI, instead, they are on the order of 4 × 104 GeV.
The potential sensitivity to QG fluctuations expected
from OPERA long-baseline neutrino experiment would
be 4 × 108 GeV and 7 × 105 GeV for the linear and
quadratic LI. The data released by OPERA suggest that
the muon neutrino propagates at a speed larger than of
light, (v−c)/c = (2.48±0.28 (stat)±0.30 (sys))×10−5 [1].
If these QG limits apply to neutrinos, those produced by
OPERA would be free of these effects. In OPERA ex-
periment, the energetic muonic neutrinos (νµ), mainly
produced in the decay, π(±) → µ(±) + νµ (ν¯µ), cross the
Earth’s crust which is a structured dense medium with
variable densities in space. In this experiment, neutri-
nos seem to behave, during the 735 km travel, either
as tachyons or as they had a pseudo-tachyonic behav-
ior when transversing a material, like photons in meta-
materials [9, 10] with negative refractive index or less
than unity, that allows an apparent superluminal propa-
gation without violating causality. The data released by
CERN and Gran Sasso Labs are made of 16111 events
detected in OPERA and correspond to about 1020 pro-
tons on target collected during the 2009, 2010 and 2011
CNGS runs. If they are free from systematic errors and
with a correct interpretation, these data indicate that
νµ’s could actually propagate with a superluminal speed
after having crossed 735 Km in the Earth’s crust, with
averaged density 〈ρ〉⊕ ≃ 2.7 g/cm3, in 2.5×10−3 seconds.
The effective resulting distance measured with GPS was
731278.0 ± 0.2 meters. The peak of neutrino detection
occurs ∼ 6 × 10−8 s before than expected, with a pre-
cision of 6.9 (stat)− 7.4 (sys) nanoseconds, which means
2.48×10−5 times smaller than the light propagation time
with 6σ accuracy. The overall systematic uncertainty is
obtained assuming independent error sources (see Tab.
2 of Ref. [1]). A stringent limit of |v − c|/c < 2 × 10−9
was obtained with ν¯e’s from the supernova (SN) explo-
sion in the Magellanic Nebula SN1987a [11] after having
traveled 51.4 kiloparsecs in vacuum and 1012 − 1013 cm
of dense stellar matter in expansion. This would indicate
that either the neutrino is not a tachyon and OPERA as-
sumptions are not correct, e.g. due to the orbital Earth
motion that can give an apparent aberration of∼ 6×10−8
s, or that the tachyonic effect could have occurred only
inside the SN matter and that the propagation in space
occurred at the speed of light c.
MAJORANA NEUTRINO STATE
Superluminal behaviors are mainly associated to
tachyons, particles with imaginary mass. We apply Ma-
jorana theory [12, 13] to build a phenomenological model
of a Majorana neutrino with imaginary mass to explain
OPERA anomaly. Within this hypothesis we show that
neutrinos, when traversing layers of matter and/or inter-
acting with sterile neutrinos inside gravitational fields,
can behave like a tachyonic Majorana neutrino.
2In his original work, Ettore Majorana formulated a
particular solution of the Dirac equation with positive-
defined mass solution,[
W
c
+ α · p− βmc
]
Ψ = 0, (1)
where Ψ is the wavefunction, α and β are the Dirac ma-
trices, m is the mass of the particle, p the momentum
and W the energy [14, 15]. From the relativistic formu-
lation of the mass and energy, the energy of the particle is
W =
√
c2p2 +m2c4 and the indetermination in the sign,
interpreted by Dirac in terms of particle and antiparticle
states, can be overcome by finding positive-definite rest
mass solutions to the Dirac equation, for any spin value.
The solutions to Eq. 1, representing plane waves with
positive-defined mass, are obtained from those derived
through a relativistic transformation of zero momentum
waves, whose energy is given by
W0 =
mc2
s+ 1/2
(2)
and the intrinsic angular momentum parameter, s, de-
scribes the scalar, bosonic or fermionic solution. This
equation supersedes the well-known Einstein’s equation
E = mc2. Being for neutrinos s = 1/2, the two relations
coincide. Moreover, in this case, CPT invariance, in-
timately related with Lorentz invariance (LI) violation,
is not preserved being Majorana theory non-local [16].
Some hints of CPT violations have been observed with
νµ’s [17] and with νe’s [18]. The immediate consequence
to the choice of this set of solutions, derived from the set
of infinitesimal Lorentz transformations, is that the spec-
trum of these particles exhibits a relationship between
the intrinsic spin angular momentum and the Majorana-
mass term, m, related to the particle’s rest mass or to
the acquired virtual mass. Particles with different intrin-
sic angular momenta then present different masses, that
are determined in the particle’s reference frame through
Eq. 2. The relationship between spin and mass is valid
for both bosonic (s = 1, 2, 3, ... ) and fermionic solutions
(s = 1/2, 3/2, 5/2, ... ), and for scalar particles, s = 0,
M =
m
s+ 1/2
. (3)
Eq. 3 describes an infinite spectrum of particles with
positive-defined mass values that decrease when the spin
angular momentum of the particle increases. Photons in
vacuum represent a particular solution of the bosonic case
with zero rest mass. In addition to states with positive-
definite mass values, there are other solutions found and
discussed by Majorana himself, for which energy is re-
lated to momentum through
W = ±
√
c2p2 − k2c4 (4)
and they exist for all the positive values of k for which p ≥
kc holds, derived directly from the elementary Lorentz
transformation matrices, and that do not violate Lorentz
invariance. Those states can be considered as belonging
to the class of solution with imaginary mass term ik [12].
Tachyonic neutrino effects in dense media?
From the results of OPERA and MINOS [19], we only
make the ansatz that the cause of a possible superlu-
minal propagation of neutrinos might be due by their
interaction inside matter and we verify this hypothesis
by assuming that a similar behavior could have occurred
to ν¯e’s, independently from the neutrino flavor, only in-
side the matter of the exploding supernova SN1987a. If
the ν¯e’s follow the same distribution of OPERA and MI-
NOS, according to the stellar structure parameters, they
would confirm that it is a tachyonic propagation of a
peculiar neutrino state inside Earth the possible cause
of OPERA anomaly. Calculations show that the addi-
tional contribution of the interstellar medium during the
travel of the neutrino beam can be neglected. Accord-
ing to a recent claim [20] (thereafter, CG), no pseudo-
superluminal motion in OPERA could have occurred
with standard neutrinos because of the possible disrup-
tion of the beam shape due to effects induced by weak-
current phenomena. An energetic standard neutrino,
traveling faster than light in that medium, is expected
to produce electron/anti-electron pairs that radiate away
the neutrino energy. This radiation has not been ob-
served neither with Opera [1] and Icarus [21] nor from the
moon as radio signals [22]. Thus, we agree with CG con-
clusions that Standard Model tachyonic neutrinos can-
not be reconciled with the OPERA results. From this we
suggest that Beyond-Standard Model Majorana neutri-
nos with imaginary mass ik obeying p ≥ kc, may fit with
Opera data, when crossing a medium. In fact, in the case
of a tachyonic behavior and standard dispersion relation,
the pair production would require that E2ν−p2ν > (2me)2,
not satisfied by an imaginary mass value. Consider a
modified dispersion relation E2 = p2+m2+F , where F
is an arbitrary function. Here, p should be considered as
the conjugate momentum, so that, in principle, p and F
may depend on space-time coordinates in a rather subtle
way that may depend from the structure of space-time
itself. It is clear that, depending on p and F , this forbids
the CG pair production. The imaginary mass in this case
is
√
m2 + F with a negative F . A possible explanation of
this behavior can be due to a sterile neutrino mixing con-
fined inside a region where a gravitational field is present
or that the presence of matter/gravitational field intro-
duces a preferred reference frame violating CPT symme-
try and/or LI. Another cause could be the coupling of
neutrinos with structured matter that can give rise to
parametric resonances [23], but all this goes far beyond
the purposes of a phenomenological model presented in
this letter. The Majorana mass/spin relationship then
3becomes
m2 = −k2
(
s+
1
2
)2
= −k2. (5)
When interacting with structured matter, neutrinos are
expected also to acquire orbital angular momentum
(OAM) and behave like a Majorana particle [24–26] obey-
ing a more general mass/angular momentum relationship
Mν =
m
Σ(ℓ, q) + 1/2
, (6)
where Σ(ℓ, q) is a general function of the spin s = 1/2
and OAM ℓ of the photon and of the characteristic spa-
tial scale of the perturbation q; the Majorana mass term
coincides with that acquired by the neutrino in the un-
perturbed medium. A similar effect is expected also
when a beam of neutrinos crosses a Petrov-type D grav-
itational field like that of a rotating black hole [27].
Thus, differently from the space-time manifold structure
of the Lorentz group, in which space is homogeneous and
isotropic and time homogeneous, a medium can exhibit
peculiar spatial structures that breaks the space-time
symmetry. In this case, for the peculiar solution with
imaginary mass state, the mass/spin angular momentum
relationship (5) is replaced by a mass/total angular mo-
mentum relationship m2 = −k2 (Σ(ℓ, q) + 12)2. This ad-
ditional effect could give an additional hint to model the
pulse and thus the time of arrival of neutrinos: the OAM-
induced mass would act as a negative-squared mass term
due to the inhomogeneities of the medium.
We now test our conjecture by comparing the results
of OPERA, MINOS and those obtained from the prop-
agation of the electronic anti-neutrinos only inside the
matter of SN1987a. If these neutrinos obey the Majo-
rana condition, p ≥ kc and follow the same distribu-
tion of OPERA and MINOS, then the tachyonic behav-
ior should have occurred only because of the interaction
inside the SN matter and, in vacuum, neutrinos would
propagate at a speed less or equal that of light, confirm-
ing our ansatz. If these tachyonic properties of neutrinos
were also present in vacuum or due to QG effects, we
would have observed a neutrino peak years before the
optical detection of the SN event, and this was not the
case. In Tab. 1 are reported the averaged neutrino en-
ergies for OPERA and MINOS and those calculated for
SN1987a, the relative time anticipation ∆T/T0 and the
imaginary mass terms, with uncertainties, obtained with
Huzita relationship m2 = 2E2∆T/T0 [29].
To calculate the neutrino mass in the SN medium
we proceed with two independent approaches. In the
first one, we calculated the neutrino propagation as it
had a path length lSN inside a shell of matter with av-
eraged density equivalent to that of the Earth’s crust.
The parameters of the SN here considered were taken
from those of its precursor, Sanduleak -69◦ 202a, just
before the SN explosion, a blue supergiant with radius
(1.8−4)×1012 cm and a mass of 3.96×1034 g. More de-
tails can be found in Ref. [30]. Assuming that there are
no tachyonic effects in vacuum, then the time deviation
calculated considering the propagation lsp in free space,
(
∆T
T0
)
SN
=
〈ρ〉SN
〈ρ〉⊕
lsp
lSN
|v − c|
c
(7)
where T0 is the photon flight-time needed to cross the SN
distance, 〈ρ〉SN ∼ (1.6 − 9.1) × 10−3 g/cm−3, the aver-
aged densities of the SN, obtained by assuming a 1012 cm
and 1.8×1012 cm radius, respectively. The values are re-
ported in Tab. 1 as SN1987a-1 and SN1987a-2. The
second approach is based on the idea that the neutrino
burst detected by Hirata et al. [7] at 20 MeV, indicat-
ing the formation of a neutron star, was actually affected
by this pseudo-tachyonic behavior (SN1987a-3) and, sur-
prisingly, coincides with the result of SN1987a-2.
Dataset E(GeV ) ∆T/T0 m(GeV ) ∆m
OPERA high 42.9 2.76× 10−5 0.317 0.093
OPERA 17GeV 17 2.48× 10−5 0.119 0.028
OPERA low 13.9 2.18× 10−5 0.092 0.035
MINOS 3 5.10× 10−5 0.030 0.017
SN1987a-1 2× 10−2 1.17× 10−1 0.009 0.006
SN1987a-2 2× 10−2 2.00× 10−2 0.004 0.001
SN1987a-3 2× 10−2 2.00× 10−2 0.004 0.001
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FIG. 1. Majorana fictitious imaginary mass vs. neutrino
energy. The neutrinos propagating inside SN1987a and those
from MINOS and OPERA data are distributed along a single
line, indicating the presence of a variable imaginary mass term
and the validity of the condition p ≥ kc. Inset: zoom of
dataset SN1987a-3.
All the energy and momentum values follow a lin-
ear distribution, m = p1E + p2, with 95% confidence
bounds. The fitting parameters and their intervals
p1 = 0.006727 (0.005509, 0.007945) GeV and p2 =
0.006884 (0.005824, 0.007945) GeV, which is the tachy-
onic mass term of the neutrino in the limit p = kc2.
4The sum of squares due to error, SSE=0.6483, and the
root mean square error, RMSE=0.4026, indicate that the
properties of ν¯e’s inside the SN are in good agreement,
with minor deviations, from OPERA and MINOS results.
All obey the tachyonic relationship p ≥ kc. Each single
experimental event of SN1987a fit the family of distribu-
tions given by p1 and p2 values confirming our ansatz.
CONCLUSIONS
The recent data released by OPERA experiment sug-
gest a superluminal propagation of muonic neutrinos in
the Earth’s crust, if the data acquisition and interpreta-
tion are correct. We propose a phenomenological descrip-
tion, based on Majorana theory to explain this anomaly
without invoking quantum gravity effects. These neutri-
nos are expected to behave like Majorana particles with
an imaginary mass induced inside Earth’s crust. The
lacking of detection and energy loss from CG effect sug-
gests the indirect evidence of a Majorana neutrino state
with tachyonic behavior violating CPT invariance, obey-
ing a non-local theory. This behavior could be due to
MSW mixing, sterile neutrino states, parametric reso-
nances and orbital angular momentum, but a clear ex-
planation goes beyond the purposes of the present let-
ter. We confirmed our hypothesis with the neutrinos of
SN1987a, assuming an anomalous propagation only in-
side the supernova when it was starting its catastrophic
collapse [31]. In vacuum, instead, neutrinos are expected
to propagate at a speed less or equal that of light, oth-
erwise the anticipation observed in the SN1987a would
have been of years. Only future tests will contribute to
solve the puzzling problem of neutrino propagation in
matter. Another possible explanation is that neutrinos
have an apparent superluminal behavior similar to that
of photons in a metamaterial. The group velocity, vg,
because of anomalous dispersion becomes apparently su-
perluminal: during the propagation the incoming wave
shape is distorted such that the amplitude at the prop-
agating wave front increases while the amplitude in the
tail decreases, often going below the detection limit. If
the propagating wave position is measured at the field
maximum it can be misinterpreted as a faster propaga-
tion of the propagating wave pulse as a whole with phase
velocity, vp [10, 32]. As vg > vp, the medium would cause
the speed of only certain Fourier components of neutrino
wavefunction in it to be larger than the speed of light
in vacuum for a band of neutrino oscillation frequencies
obeying the Majorana condition p ≥ kc, but seems to be
forbidden by CG effect for a standard neutrino. These
neutrino properties, if confirmed, would not only give
crucial information to the astrophysics of supernova ex-
plosions, compact objects, stellar interiors and cosmology
[33], but revolutionize the standard model of particles [34]
and its extensions to Lorentz-violating phenomenologies
[35]. If confirmed, in a more general scenario, Majorana
theory can also predict the neutral Higgs boson mass:
from Eq. 3, the mass of the spin 0 particle is equal to 3
times that of Z0, i.e., m = (273.56± 0.01) GeV.
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